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Baoyun Xu 2, Shaoli Wang 2, Qingjun Wu 2, Xuguo Zhou 4* and Youjun Zhang 2*
1College of Plant Protection, Hunan Agricultural University, Changsha, China, 2Department of Plant Protection, Institute of
Vegetables and Flowers, Chinese Academy of Agricultural Sciences, Beijing, China, 3 Institute of Insect Sciences, College of
Agriculture, Yangtze University, Jingzhou, China, 4Department of Entomology, University of Kentucky, Lexington, KY, USA
Although, insect herbivores are generally thought to select hosts that favor the fitness of
their progeny, this “mother-knows-best” hypothesis may be challenged by the presence
of a plant virus. Our previous study showed that the whitefly, Bemisia tabaci, the obligate
vector for transmitting Tomato yellow leaf curl virus (TYLCV), preferred to settle and
oviposit on TYLCV-infected rather than healthy host plant, Datura stramonium. The
performances of B. tabaci larvae and adults were indeed improved on virus-infected
D. stramonium, which is consistent with “mother-knows-best” hypothesis. In this study,
B. tabaci Q displayed the same preference to settle and oviposit on Tomato spotted wilt
virus (TSWV)-infected host plants, D. stramonium and Capsicum annuum, respectively.
As a non-vector of TSWV, however, insect performance was impaired since adult body
size, longevity, survival, and fecundity were reduced in TSWV infected D. stramonium.
This appears to be an odor-mediated behavior, as plant volatile profiles are modified
by viral infection. Infected plants have reduced quantities of o-xylene and α-pinene,
and increased levels of phenol and 2-ethyl-1-hexanol in their headspace. Subsequent
behavior experiments showed that o-xylene and α-pinene are repellant, while phenol
and 2-ethyl-1-hexanol are attractive. This indicates that the preference of B. tabaci for
virus-infected plants is modulated by the dynamic changes in the volatile profiles rather
than the subsequent performances on virus-infected plants.
Keywords: mother-knows-best, plant virus, volatiles, performance, host preference, non-vector insects
INTRODUCTION
Although, resource allocation by heterotrophs has been studied extensively, the extent
to which their behavioral responses is manipulated by pathogens/parasites reflects the
fine-tuned evolutionary adaptation in nature (Roy and Raguso, 1997; Ebbert and Nault,
2001; Eigenbrode et al., 2002; Hurd, 2003; Maris et al., 2004; Belliure et al., 2005; Lacroix
et al., 2005; Lefèvre et al., 2006; Mauck et al., 2010; Bosque-Pérez and Eigenbrode, 2011).
The choice of plant hosts for oviposition by insects remains an important research area in
entomology and ecology (Bernays and Chapman, 1994; Schoonhoven et al., 2005; Tilmon,
2008). For insects, the preference-performance hypothesis (PPH) suggests that females will
maximize their fitness by laying their eggs on plant types on which their offspring
will perform best (Gripenberg et al., 2010). This hypothesis, also known as the optimal,
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oviposition theory (Jaenike, 1978), the naive adaptionist theory
(Courtney and Kibota, 1990), or the “mother knows best”
principle (Valladares and Lawton, 1991), was originally proposed
by Jaenike (1978). Some studies testing female oviposition
preferences and larval performance have established positive
correlations between females and their offsprings (Craig et al.,
1989; Heisswolf et al., 2005; Staley et al., 2009). Other
studies, however, showed that mothers could make poor
oviposition decisions, leading to a weak preference–performance
relationship between female adults and offsprings (Rausher,
1979; Scheirs et al., 2004; Digweed, 2006; Gripenberg et al., 2007).
These “bad motherhood” cases have caused extensive debates
(Mayhew, 2001; Gripenberg et al., 2010). Alternative hypotheses
include optimal foraging (Scheirs et al., 2000), enemy-free space
(Denno et al., 1990), and insect neural capacity (Bernays, 2001).
The current study concerns the effects of virus infection of
host plants on herbivorous insects. The influences of virus-
infected host plants on herbivorous insects can be neutral
(Matsuura and Hoshino, 2009), beneficial (Maris et al., 2004;
Belliure et al., 2005), or deleterious (Rubinstein and Czosnek,
1997) depending on the specific combination of herbivore,
virus, and plant. In addition, viruses can affect plant-derived
volatiles such that herbivorous insects are repelled (van Molken
et al., 2012) or attracted (Srinivasan et al., 2006; Ngumbi et al.,
2007). These manipulations can strongly influence rates of virus
transmission and thus have important implications for ecology,
human health, and agriculture (Hurd, 2003; Lefèvre et al., 2006,
2009). Although, host choice by insects has been continually
studied, the influences of virus infection of host plants on host
choice by vector and non-vector insects are not well-understood.
Datura stramonium L. (Solanaceae), one of the hosts included
in the current study, is a summer weed that originated in the
Americas and that has a worldwide distribution (Holm et al.,
1997). D. stramonium is also a host for many plant viruses,
including Tomato yellow leaf curl virus (TYLCV) (Cohen and
Nitzany, 1966) and Tomato spotted wilt virus (TSWV) (Moyer,
1999). TSWV (genus Tospovirus, family Bunyaviridae) infects
and causes disease in hundreds of plant species, including many
ornamentals and vegetables (Moyer, 1999). TSWV is transmitted
in a propagative and circulative manner by thrips (Thysanoptera:
Thripidae; Ullman et al., 1992).
The sweetpotato whitefly, Bemesia tabaci (Gennadius)
(Hemiptera: Aleyrodidae), is a vector of Begomoviruses but
not for TSWV. Although, there has been much debate about
whether B. tabaci is “a species complex or complex of species”
(Perring, 2001; Brown, 2010; Dinsdale et al., 2010; De Barro
et al., 2011), the most current molecular evidence reveals that
B. tabaci actually includes at least 24 genetically distinct but
morphologically indistinguishable cryptic species (De Barro
et al., 2011). The most damaging and widespread cryptic species
are the Mediterranean genetic group (biotype Q) and the
East-Minor Asia 1 genetic group (biotype B). In a field survey
conducted in 2012, we observed B. tabaciQ outbreaks on TSWV-
infected plants in several provinces of China, although B. tabaci
Q is not a vector of TSWV. Previous study has demonstrated
that TSWV infection can decrease B. tabaci Q performance on
pepper (Pan et al., 2013). TYLCV infection, in contrast, increases
B. tabaci Q (vector) attraction and performance on its host,
D. stramonium (Chen et al., 2013).
Previous research examining virus effects on plant-insect
interactions has focused primarily on vectors, whereas
the effects of virus-infected plants on non-vectors have
been largely overlooked (Su et al., 2016). In this study,
we investigated the effects of TSWV infection on a non-
vector B. tabaci Q. The outbreaks of B. tabaci Q were
occurred on TSWV-infected pepper even though the
performance of this non-vector was compromised. In
addition, we test the volatiles released by TYLCV- and
TSWV-infested D. stramonium. We hypothesized that
both viruses induce similar changes in volatiles emitted by
D. stramonium to make B. tabaci Q select virus-infested
D. stramonium.
RESULTS
B. tabaci Q Settling and Oviposition
Preferences on TSWV-Infected vs. Healthy
D. stramonium
Significantly more B. tabaci Q adults settled on TSWV-infected
than on healthy D. stramonium [One-way ANOVA, F(1, 22) =
91.147, P < 0.001; Figure 1A]. Similarly, B. tabaci Q adults
deposited significantly more eggs on TSWV-infected than on
healthy D. stramonium [One-way ANOVA, F(1, 22) = 114.406,
P < 0.001; Figure 1B].
Life History Traits of B. tabaci Q on
TSWV-Infected and Healthy D. stramonium
Although, TSWV-infected D. stramonium did not affect B. tabaci
Q developmental time [One-way ANOVA, F(1, 22) = 2.599, P =
0.124; Figure 2A], it indeed decreased female body length [One-
way ANOVA, F(1, 98) = 20.295, P < 0.001; Figure 2B], male
body length [One-way ANOVA, F(1, 98) = 21.322, P < 0.001;
Figure 2C], survival rate (egg-to-adult) [One-way ANOVA,
F(1, 22) = 6.615, P = 0.019; Figure 2D], longevity [One-way
ANOVA, F(1, 58) = 12.570, P < 0.001; Figure 2E], and fecundity
[One-way ANOVA, F(1, 58) = 25.502, P < 0.001; Figure 2F].
B. tabaci Q Settling and Oviposition
Preferences on TSWV-Infected and Healthy
Peppers
Significantly more B. tabaci Q adults settled on TSWV-infected
plants than on healthy plants [One-way ANOVA, F(1, 22) =
52.002, P < 0.001; Figure 3A]. Oviposition was greater on
TSWV-infected plants than on healthy plants [One-way ANOVA,
F(1, 22) = 114.406, P < 0.001; Figure 3B].
Volatiles from TYLCV-Infected,
TSWV-Infected, and Healthy D. stramonium
The most significant different volatiles emitted byD. stramonium
were o-xylene, α-pinene, phenol, and 2-ethyl-1-hexanol.
The quantities of o-xylene, α-pinene, and 2-ethyl-1-
hexanol collected differed significantly in virus-infected vs.
healthy plants (Table 1). TYLCV-infested plants released
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FIGURE 1 | Settling and oviposition of B. tabaci Q on healthy vs. TSWV-infected D. stramonium. (A) Percentage of adults that settled on healthy vs.
TSWV-infected plants (n = 300, 12 replicates). (B) Percentage of eggs distributed on healthy vs. TSWV-infected plants. Values are means ± SE (One-way ANOVA).
The number of eggs was shown inside the bar. Settling and oviposition were significantly greater on the TSWV-infected plants than on the healthy plants (P < 0.05).
FIGURE 2 | Life history traits of B. tabaci Q on healthy vs. TSWV-infected D. stramonium. (A) Development time (from egg-to-adult) (n = 12). (B) Female
body length (from head to tip of abdomen) (n = 50). (C) Male body length (from head to tip of abdomen) (n = 50). (D) Survival (the total number of emerged adult
whiteflies/the total number of eggs * 100) (n = 12). (E) Longevity of newly emerged adults (n = 30). (F) Fecundity (the total number of eggs laid per female) (n = 30).
Values are means ± SE (One-way ANOVA). Within each panel, different letters indicate significant differences between treatments (P < 0.05).
significantly more phenol than healthy plants or TSWV-
infected plants. None of the other volatiles detected differed
between these three groups. TYLCV-infected plants and
TSWV-infected plants released significantly more 2-ethyl-
1-hexanol than healthy plants. Concentrations of four
volatiles in paroline (XiLong, China) were used to test the
preference of white flies: o-xylene (1:500,000), α-pinene
(1:1,000,000), phenol (1:2,500), and 2-ethyl-1-hexanol (1:2,500;
Table 1).
Behavioral Responses of B. tabaci Q to
Volatiles Emitted from D. stramonium
In dual-choice assays, the proportion of B. tabaci Q adults that
selected o-xylene or α-pinene was significantly less than the
controls (T-test, T = −7.17, df = 19, P < 0.001 for o-xylene; T-
test, T =−4.10, df= 19, P< 0.001 for α-pinene), suggesting that
adults were repelled by these two chemicals (Figure 4). Healthy
plants emitted a greater quantity of these volatiles than virus-
infected plants (Table 1). The adults were significantly attracted
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FIGURE 3 | Settling and oviposition of B. tabaci Q on healthy vs. TSWV-infected pepper. (A) Percentage of adults that settled on healthy vs. TSWV-infected
plants (n = 300, 12 replicates). (B) Percentage of eggs distributed on healthy vs. TSWV-infected plants. Values are means ± SE (One-way ANOVA). The number of
eggs was shown in the figure. Settling and oviposition were significantly greater on the TSWV-infected plants than on the healthy plants. Within each panel, different
letters indicate significant differences between treatments (P < 0.05).
TABLE 1 | Volatiles emitted by virus-infected and healthy D. stramonium.
Compound REL. RET. CAS# Healthy (Mean ± SE) TYLCV-infected TSWV-infected Test concentration
TIME (min)* (compound ratio)
(Mean ± SE) (Mean ± SE)
o-xylene 1.269 95-47-6 7.20 ± 0.43a 2.65 ± 0.40b 2.34 ± 0.26b 63.52 (1:500,000)
Styrene 1.353 100-42-5 0.38 ± 0.09a 0.59 ± 0.09a 0.51 ± 0.11a
m-xylene 1.372 108-38-3 1.30 ± 0.30a 1.14 ± 0.22a 1.40 ± 0.28a
α-pinene 1.604 80-56-8 3.63 ± 0.18a 1.30 ± 0.19b 1.30 ± 0.10b 18.84 (1:1,000,000)
benzaldehyde 1.621 100-52-7 0.65 ± 0.13a 0.71 ± 0.06a 0.60 ± 0.10a
Phenol 1.818 108-95-2 0.29 ± 0.041a 14.42 ± 1.60b 0.44 ± 0.10a 72.90 (1:2,500)
2-ethyl-1-hexanol 2.01 104-76-7 16.85 ± 1.73a 34.88 ± 3.71b 38.81 ± 3.46b 240.04 (1:2,500)
δ-3-carene 2.103 13466-78-9 0.20 ± 0.11a 0.17 ± 0.08a 0.16 ± 0.08a
1,4-diethyl-benzene 2.12 105-05-5 0.58 ± 0.34a 0.65 ± 0.33a 0.52 ± 0.10a
Cymene 2.25 25155-15-1 1.22 ± 0.21a 1.46 ± 0.43a 1.09 ± 0.26a
Nonanal 2.302 124-19-6 0.89 ± 0.14a 1.11 ± 0.06a 1.08 ± 0.17a
m-cymene 2.389 535-77-3 1.72 ± 0.73a 1.63 ± 0.36a 1.53 ± 0.54a
p-cymene 2.534 99-87-6 2.00 ± 0.26a 2.15 ± 0.39a 2.13 ± 0.71a
*The retention time of the internal standard, n-octane, was 7.294min. The four compounds used in the subsequent behavioral assays, including o-xylene, α-pinene, phenol, and 2-
ethyl-1-hexanol, were compared with their respective authentic standards (Sigma-Aldrich, USA).
Different letters indicate significant differences (P < 0.05).
to phenol (T-test, T = 6.55, df = 19, P < 0.001), and 2-ethyl-
1-hexanol (T-test, T = 10.37, df = 19, P < 0.001), respectively
(Figure 4). Virus-infected plants, in general, released a greater
quantity of these volatiles than the healthy plants (Table 1).
B. tabaci Q Free-Choice Bioassay with
Semiochemicals
To examine the correlation between the four semiochemicals
and B. tabaci behavior, we assayed host preference using
commercially available pure compounds. The selected pure
components were administered on paper cards toD. stramonium
plants (as described above). Two time points (10 and 20min)
were tested in this experiment. The number of recaptured B.
tabaci on each of the two D. stramonium plants did not deviate
significantly (Figure 5; the time point selection refers to Bleeker
et al., 2009). However, when applied 50µl of o-xylene or α-
pinene solution onto the paper cards, D. stramonium became
significantly more repellent to the whiteflies compared to the
controls (One-way ANOVA, P < 0.001; Figure 5). Specifically,
D. stramonium with o-xylene and α-pinene repelled 97 and
112 whiteflies, respectively, whereas a mixture of both deterred
131 whiteflies (Figure 5). In contrary, the addition of phenol
or 2-ethyl-1-hexanol rendered D. stramonium significantly more
attractive to the whiteflies (One-way ANOVA, P < 0.001;
Figure 5). Phenol, 2-ethyl-1-hexanol, and their mixture attracted
103, 59, and 119 whiteflies, respectively (Figure 5).
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FIGURE 4 | Bemisia tabaci Q choice test with volatiles from D.
stramonium. Y-tube olfactometer test documented the percentage of B.
tabaci Q females that selected D. stramonium volatiles, including o-xylene,
α-pinene, phenol, and 2-ethyl-1-hexanol, over the paroline control,
respectively. Values are means ± SE (One-sample t-test). Asterisks indicate
significant differences (P < 0.05).
FIGURE 5 | Bemisia tabaci Q free-choice bioassay with volatiles from
D. stramonium. Number of adults that settled on plants after 20min. Values
are means ± SE (One-way ANOVA). Asterisks indicate significant differences
(P < 0.05).
DISCUSSION
We found that TSWV infection of D. stramonium increased
the settling and oviposition of the non-vector B. tabaci Q on
D. stramonium even though some of its life history traits were
reduced. These results coupled with a previous study (Chen et al.,
2013) indicate that virus-infection may, in some cases, cause
females to select hosts that do not necessarily maximize their
performances. The host selectionmay depend on the by-products
of host infection by the virus. We further tested the hypothesis
using peppers, and again found that the non-vector B. tabaci Q
elected to settle and oviposit on virus-infected pepper. Similarily,
B. tabaci Q preferred TSWV-infected over healthy peppers, even
though TSWV decreased Q performance (Pan et al., 2013).
Our results also demonstrated that four volatiles released from
TYLCV-infected and TSWV-infected plants (o-xylene, α-pinene,
phenol, and 2-ethyl-1-hexanol) can repel or attract B. tabaci Q
in ways that are consistent with the effects of virus infection on
host behavior (Figures 4, 5). In other words, virus-infected plants
tended to release greater quantities of volatiles to attract B. tabaci
Q adults, while healthy plants tended to release greater quantities
of volatiles to fend off B. tabaci Q adults.
From an evolutionary viewpoint, we expect females to
maximize their fitness by laying eggs on plants that maximize
offspring’s fitness (Gripenberg et al., 2010). However, these
expectations may or may not be realized on virus-infected
plants. In our previous study, B. tabaci Q preferred to settle
and oviposit on TYLCV-infected rather than on healthy D.
stramonium and had greater fitness when feeding on TYLCV-
infected D. stramonium, suggesting an indirect mutualism
between B. tabaci Q and TYLCV (Chen et al., 2013). Similar
phenomenon has been documented in other insect-virus systems
(Montllor and Gildow, 1986; Castle and Berger, 1993; Jiménez-
Martínez et al., 2004a; Srinivasan et al., 2006; Ngumbi et al., 2007).
In our case, B. tabaci Q preferred virus-infected D. stramonium,
however, the overall performance of whiteflies on TSWV-infected
plants was reduced. Although, we did not examine other traits,
including female cost for oviposition or offspring protection
from natural enemies, which also contribute to insect fitness,
our results demonstrate a deviation from the mother-knows-
best hypothesis. Under the ecological and evolutionary context,
we speculate that the apparent “loss” for B. tabaci, a non-
vector of TSWV, represents a “gain” for TSWV. By reducing the
fitness/performance of B. tabaci, the insect vector for many other
plant viruses, the transmission of competing pathogens will be
compromised, whichmeans a limited or no sharing of host plants
for TSWV.
Mauck et al. (2012) suggested that vectors prefer to settle on
plants infected with persistently transmitted (PT) viruses, while
non-persistently transmitted (NPT) viruses generally have no
effect on vector settling and feeding or cause infected plants to
be less attractive than healthy plants. Mauck and his colleagues
believe that PT viruses typically enhance host plant quality for
vector herbivores, resulting in enhanced vector herbivore fitness.
NPT viruses, in contrast, often decrease or have no effect on
host plant quality (Mauck et al., 2012). For example, pepper
plants infected with TSWV increased the survival and oviposition
of the spider mite Tetranychus urticae (Belliure et al., 2010).
The growth of Spodoptera exigua caterpillars was accelerated
on tomato plants infected with Tobacco mosaic virus (Thaler
et al., 2010). Our previous study showed the enhanced B. tabaci
performance on TYLCV-infected D. stramonium (Chen et al.,
2013). In this study, however, we demonstrated that quality of
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the virus-infected plants might not be the deciding factor for B.
tabaci to choose the host plants.
To test whether our results applied to other hosts, we
determined whether TSWV infection affected B. tabaciQ settling
(Figure 3A) and oviposition (Figure 3B) on pepper. The results
with pepper were the same as those with D. stramonium in
terms of settling and oviposition preferences. Consistent with our
finding, several previous studies indicated that Cucumber mosaic
virus (CMV) significantly decreases host quality (the aphid
Myzus persicae and Aphis gossypii performed poorly on infected
host plants) but enhances the attractiveness of infected host
plants to aphids (Mauck et al., 2010). We suggest that regardless
of how virus infection influences insect fitness, both vector and
non-vector insects may prefer to settle and oviposit on virus-
infected plants rather than on healthy plants, i.e., both vectors
and non-vectors may be “manipulated” by viruses. Although,
the ecological relevance of such manipulation of non-vectors is
unknown, we speculate that these non-vector insects might be
victimized by the co-evolution between viruses and their vectors
due to the shared chemical signatures emitted by the virus-infect
plants.
Our results also suggest that the preference of B. tabaci
Q for virus-infected plants may be mediated by virus-induced
changes in plant volatile emissions. Virus-induced effects on
plant odor cues are the induction of specific chemical emissions
by plant pathogens (Anderson and May, 1991; Jiménez-Martínez
et al., 2004b). For example, enhanced preference of sandflies
to hamsters who infected with Leishmania was attributed to
changes in host-derived odor cues (O’Shea et al., 2002), and it is
considered that volatiles also might explain a study result that the
children from western Kenyan harboring the gametocytes (the
stage transmissible to mosquitoes) of the Plasmodium falciparum
attracted strongly more Anopheles gambiae than uninfected
children or those harboring the asexual (non-infective) stage of
the parasite (Lacroix et al., 2005). The pathogen causing Dutch
elm disease has been revealed to up-regulate volatiles that attract
vectorsHylurgopinus rufipes to infected host trees (McLeod et al.,
2005). van Molken and his colleagues found that virus infection
reduces the attractiveness of host plants for a non-vector insect
(van Molken et al., 2012), suggesting the ecological benefits of
virus infection for host plants by inducing insect repellence.
Our results, however, showed that virus infection attracted a
non-vector insect to the host plant. Additional experiments are
warranted to resolve this discrepancy.
In summary, this study provides empirical evidences showing
that virus-infection increases insect settling and oviposition
but reduces insect performance; the long-term evolutionary
consequences of these effects are unclear. Specifically, the
preference for virus-infected plants in B. tabaci is correlated
with an increase in phenol and 2-ethyl-1-hexanol and a decrease
in o-xylene, α-pinene, within the volatile profile emitted by
D. stramonium plants. As a non-vector of TSWV, however,
insect performance seems to be impaired since adult body size,
longevity, survival, and fecundity diminished in TSWV infected
D stramonium plants.
Nevertheless, other factors may affect host selection as well.
Trichome plays an important role in the host selection process,
ovipositional behavior, and larval performance (Shanower et al.,
1999; Mayhew, 2001; Handley et al., 2005). Trichomes and their
exudates can reduce the efficiency of natural enemies and thus
may have negative or positive influences on insect herbivory
insect populations (Blaney and Simmonds, 1990). Besides there
are four major groups of defensive compounds in plants that
impact insect performance (Schoonhoven et al., 1998), including
phenolics (e.g., polyacetates, tannins, and lignins), terpenoids
(e.g., cardenolides and terpenes), cyanogenic glycosides and
glucosinolates, and nitrogen-containing compounds (e.g., non-
protein amino acids and alkaloids). These compounds can
have both direct and indirect influences on the performance
of herbivorous insects (Awmack and Leather, 2002). TSWV
infection may induce changes in trichome traits or the release
of defensive compounds in host plants, which warrants further
investigation.
MATERIALS AND METHODS
Bemisia tabaci Q Laboratory Population
The B. tabaci Q used in this study was originally collected
from a poinsettia plant in Beijing, China, in 2009 and it has
been maintained on poinsettia (Euphorbia pulcherrima Wild.
ex Klotz.) in insect-proof cages at 26 ± 2◦C with a 12/12 h
light/dark photoperiod. The identity of whitefly cryptic species
was confirmed by cleavage amplified polymorphic sequence
(CAPS) and mitochondrial cytochrome oxidase I genes (mtCOI;
Chu et al., 2010).
Plant Cultures and TSWV Inoculation
D. stramonium L. and pepper (Capsicum annuum L., cv
Zhongjiao 6) plants were grown as described previously (Chen
et al., 2013). TSWV was maintained on D. stramonium. The
virus inoculum on D. stramonium and pepper plants were done
as described by Pan et al. (2013). Infection was then confirmed
for inoculated and non-inoculated control plants by ELISA as
described by Chen et al. (2013). When these plants grew to the
seven true-leaf stage, they were used in the experiments.
Bemisia tabaci Q Settling and Oviposition
on Healthy vs. TSWV-Infected Plants
Experiments concerning whitefly settling and oviposition
preference were performed as described by Chen et al. (2013).
There were 12 replicate cages for each combination of plant
species and virus status (±infected), with insects and plants
drawn from the same pool. These replicates were distributed over
time and independent. The replicate cages were simultaneously
arranged with each side exposed to natural lighting in a
greenhouse at 26 ± 2◦C. Individual plants of healthy and
TSWV-infected D. stramonium or pepper were arranged in
opposite corners of the cage. Approximately 300 adult B. tabaci
Q were released in the center–bottom of each cage.
Bemisia tabaci Q Life History Traits on
Healthy vs. TSWV-Infected D. stramonium
Experiments concerning life history traits of whitefly were
performed as described by Chen et al. (2013). The development
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time, female body length, male body length, survival, longevity
of newly emerged adults and fecundity were evaluated in these
experiments.
Extraction and Analysis of Volatiles
Emitted by TYLCV-Infected,
TSWV-Infected, or Healthy D. stramonium
Experiments concerning volatiles were extracted and analyzed
as described by Wei et al. (2007). Volatiles emitted from
uninfested plants and plants that have been infested by TYLCV
or TSWV were collected using a headspace collection system
in a climate room equipped with high-intensity sodium-halide
lights (temperature 24 ± 2◦C; RH 60–70%). The soil containing
the roots of each plant was carefully wrapped in aluminum foil,
and the plant was placed individually in a 2.5-L glass jar with
a gas inlet and a gas outlet. Each of the three treatments was
represented by five replicate plants. Before air (78% nitrogen,
21% oxygen, and 1% carbon dioxide) was pumped into each
glass jar through the inlet, it was purified through a gas purge
system. A glass tube filled with 100mg of PoraPak Q (80/100-
mesh; Waters, USA) was used to trap plant volatiles at the
outlet. After 4 h collection under continuous light, volatiles were
eluted from the PoraPak Q with 800 µL of high-performance
liquid chromatography (HPLC)-grademethylene chloride (Tedia
Company, Fairfield, Ohio, USA), and samples received 10 µL of
an internal standard (20 ng/µL of n-octane) used for quantifying
relative compound amounts. Then a 1-µL sample of the solution
was subjected to gas chromatography–mass spectrometry (GC-
2010 Shimadzu, Japan). The system was equipped with Agilent
Technologies capillary column DB-5MS (30m × 0.25 mm ID ×
0.25 µm film thickness).
For analyses using the Agilent Technologies capillary column,
the initial oven temperature was kept at 40◦C for 4min and then
increased to 180◦C at a programmed rate of 5◦Cmin−1, followed
by a rate of 10◦Cmin−1 to 230◦C. On a DB-5MS column (30m×
0.25mm ID× 0.25µmfilm thickness), the GC oven temperature
was kept at 40◦C for 4min and then increased to 200◦C at a rate
of 5◦C min−1, followed by a rate at 20◦C min−1 to 280◦C. The
inlet was operated under the splitless injection mode, and the
injector temperature was maintained at 250◦C with a constant
flow rate of 1.0 mL min−1. The GC-MS electron impact source
was operated in the scanmode with theMS source temperature at
230◦C and theMSQuad at 150◦C. Compounds were identified by
comparison of retention time and mass spectra (NIST database
and synthetic standards). The following volatiles were detected:
o-xylene, α-pinene, phenol, and 2-ethyl-1-hexanol. The peak area
of the volatile expressed as a proportion of the peak area of the
internal standard was used for quantification.
Bemisia tabaci Q Choice Tests with
Volatiles from D. stramonium
The preferences of B. tabaci Q for the major volatiles released
from D. stramonium (o-xylene, α-pinene, phenol, and 2-ethyl-
1-hexanol; see previous section) were investigated using a Y-
tube olfactometer. The solvent paraffin oil was included as
a vehicle control. The working concentrations of o-xylene
(1:500,000), α-pinene (1:1,000,000), phenol (1:2,500), and 2-
ethyl-1-hexanol (1:2,500) were five to eight-fold equivalent in
D. stramonium (Table 1). Two streams of purified air (filtered
through activated charcoal) were passed through two glass
containers (one contained 1 ml solution of the test volatile in
paroline and the other contained only 1 ml paroline as a control)
into the olfactometer arms at 400ml min−1.
The experiment started with the placement of thirty B. tabaci
Q females at the base of the Y-tube. Each test was observed
for 30 min, and a choice for one of the two odor sources was
recorded when the whitefly reached the end of one arm and
stayed there for at least 15 s after 30 min. After finishing each
test, odor sources were interchanged to avoid any influence of
unforeseen asymmetries in the set-up. There were five treatment
comparisons: paroline (CK) vs. CK, CK vs. o-xylene, CK vs.
α-pinene, CK vs. phenol, and CK vs. 2-ethyl-1-hexanol. This
experiment was performed 20 times per comparison, 10 times
each day (between 9:00 and 15:00).
Bemisia tabaci Q Free-Choice Bioassays
with Volatiles from D. stramonium
Experiments concerning B. tabaci Q free-choice bioassays
were tested as described by Bleeker et al. (2009) with minor
modifications. For bioassays with volatiles (mix or single
compounds), two potted tomato plants were placed in a screen
cage setup at a distance of 50 cm from each other. Three
hundred whiteflies were released in the middle and recorded
after 10 and 20 min. To test the effect of selected headspace
components on repellence and attraction, 50 µl solution of
synthetic standards (Sigma-Aldrich, USA) (the concentration of
solution refer to test concentration in Table 1) were applied to
5 filter paper discs (Whatman; 25-mm diameter). The treated
(add compound) and controlled (add 50 µl solvent paroline)
discs were attached respective to two plants with metal wire. The
position of the treated tomato was randomized. Five minutes
after placing the volatiles on the plant, whiteflies were released.
For each component, eight replications were carried out. Prior
to each assay with volatiles, the experiment was done with the
two plants in a controlled setup, in the same position to allow
comparison in the same background. For each volatile compound
tested, a new set of plants was used.
Data Analysis
Repeated-measures ANOVAs were used to compare the whitefly
settling preference on healthy vs. TSWV-infected plants
(D. stramonium and pepper). The assumption of sphericity is
confirmed by Mauchly’s Test. One-way ANOVAs were used
to compare whitefly oviposition preference on healthy vs.
TSWV-infected plants (D. stramonium and pepper); to compare
the life history parameters on the healthy vs. TSWV-infected
D. stramonium plants; to compare the four standards in different
D. stramonium; and to compare the result of free-choice
bioassays with volatiles. One-sample t-tests were used to
compare the proportion of whitefly number in the treatment
side to the expect proportion of 0.5. SPSS version 19.0 (SPSS
Inc., Chicago, IL, USA) was used for all statistical analyses. All
proportional data were arcsine square root transformed before
analyses.
Frontiers in Physiology | www.frontiersin.org 7 March 2017 | Volume 8 | Article 146
Chen et al. Virus Misleads the Whitefly
AUTHOR CONTRIBUTIONS
GC contributed to the chemical ecological laboratory work,
performed the major part of entomological manipulations,
participated in data analysis, participated in the conception
and design of the study and drafted the manuscript; QS and
XS carried out ecological manipulations; XL, ZP, and HZ
contributed to viral and microbiological manipulations; WX
and BX contributed to insect and plant husbandry and data
collection; SW and QW carried out the statistical analyses; YZ
and XZ contributed to the conception and design of the study,
coordinated the study and edited the manuscript. All authors
gave final approval for publication.
FUNDING
This work was supported by the State Key Program of
National Natural Science Foundation of China (31420103919),
the 973 Program (2013CB127602), the National Natural
Science Foundation of China (31572014), China Agriculture
Research System (CARS-26-10), Beijing Training Project For
The Leading Talents in S and T (LJRC201412), Graduate
Research and Innovation Project in Hunan Province
(CX2015B248) and the Beijing Key Laboratory for Pest
Control and Sustainable Cultivation of Vegetables. The
granting agencies had no role in study design, data collection
and analysis, decision to publish, or preparation of the
manuscript.
ACKNOWLEDGMENTS
The authors are grateful to Dr. Kenneth F. Haynes (University
of Kentucky) for their invaluable advice on the a previous
version of the manuscript, Dr. Xueping Zhou (Institute of
Biotechnology, Zhejiang University, Hangzhou, China) for
providing the infectious TYLCV clone.
REFERENCES
Anderson, R. M., and May, R. M. (1991). Infectious Diseases of Humans. Oxford:
Oxford University Press.
Awmack, C. S., and Leather, S. R. (2002). Host plant quality and
fecundity in herbivorous insects. Annu. Rev. Entomol. 47, 817–844.
doi: 10.1146/annurev.ento.47.091201.145300
Belliure, B., Janssen, A., Maris, P. C., Peters, D., and Sabelis, M. W. (2005).
Herbivore arthropods benefit from vectoring plant viruses. Ecol. Lett. 8, 70–79.
doi: 10.1111/j.1461-0248.2004.00699.x
Belliure, B., Sabelis, M. W., and Janssen, A. (2010). Vector and virus induce plant
responses that benefit a non-vector herbivore. Basic Appl. Ecol. 11, 162–169.
doi: 10.1016/j.baae.2009.09.004
Bernays, E. A. (2001). Neural limitations in phytophagous insects: implications for
diet breadth and evolution of host affiliation. Annu. Rev. Entomol. 46, 703–727.
doi: 10.1146/annurev.ento.46.1.703
Bernays, E. A., and Chapman, R. F. (1994). Host-Plant Selection Behaviour of
Phytophagous Insects. New York, NY: Chapman and Hall.
Blaney, W. M., and Simmonds, M. S. J. (1990). A behavioural and
electrophysiological study of the role of tarsal chemoreceptors in feeding
by adults of Spodoptera, Heliothis virescens and Helicoverpa armigera. J. Insect
Physiol. 36, 743–756. doi: 10.1016/0022-1910(90)90048-K
Bleeker, P. M., Diergaarde, P. J., Ament, K., Guerra, J., Weidner, M.,
Schütz, S., et al. (2009). The role of specific tomato volatiles in tomato-
whitefly interaction. Plant Physiol. 151, 925–935. doi: 10.1104/pp.109.
142661
Bosque-Pérez, N. A., and Eigenbrode, S. D. (2011). The influence of virus-induced
changes in plants on aphid vectors, insights from luteovirus pathosystems.
Virus Res. 159, 201–205. doi: 10.1016/j.virusres.2011.04.020
Brown, J. (2010). “Phylogenetic biology of the Bemisia tabaci sibling species group,”
in Bemisia: Bionomics and Management of a Global Pest, eds P. A. Stansly and
S. E. Naranjo (New York, NY: Springer), 31–67.
Castle, S. J., and Berger, P. H. (1993). Rates of growth and increase of
Myzus persicae on virus-infected potatoes according to type of virus-vector
relationship. Entomol. Exp. Appl. 69, 51–60. doi: 10.1111/j.1570-7458.1993.
tb01727.x
Chen, G., Pan, H. P., Xie, W., Wang, S. L., Wu, Q. J., Fang, Y., et al. (2013). Virus
infection of a weed increases vector attraction to and vector fitness on the weed.
Sci. Rep. 3:2253. doi: 10.1038/srep02253
Chu, D., Wan, F. H., Zhang, Y. J., and Brown, J. K. (2010). Change in the biotype
composition of Bemisia tabaci in Shandong Province of China from 2005 to
2008. Environ. Entomol. 39, 1028–1036. doi: 10.1603/EN09161
Cohen, S., and Nitzany, F. E. (1966). Transmission and host range of the tomato
yellow leaf curl virus. Phytopathology 56, 1127–1131.
Courtney, S. P., and Kibota, T. T. (1990). “Mother doesn’t know best: selection
of hosts by ovipositing insects,” in Insect–Plant Interactions, Vol. 2, ed E. A.
Bernays (Boca Raton, FL: CRC Press), 161–188.
Craig, T. P., Itami, J. K., and Price, P. W. (1989). A strong relationship between
oviposition preference and larval performance in a shoot-galling sawfly. Ecology
70, 1691–1699. doi: 10.2307/1938103
De Barro, P. J., Liu, S. S., Boykin, L. M., and Dinsdale, A. B. (2011).
Bemisia tabaci: a statement of species status. Annu. Rev. Entomol. 56, 1–19.
doi: 10.1146/annurev-ento-112408-085504
Denno, R. F., Larsson, S., and Olmstead, K. L. (1990). Role of enemy-free space
and plant quality in host-plant selection by willow beetles. Ecology 71, 124–137.
doi: 10.2307/1940253
Digweed, S. C. (2006). Oviposition preference and larval performance in the exotic
birch-leafmining sawfly Profenusa thomsoni. Entomol. Exp. Appl. 120, 41–49.
doi: 10.1111/j.1570-7458.2006.00418.x
Dinsdale, A., Cook, L., Riginos, C., Buckley, Y. M., and Barro, P. D.
(2010). Refined global analysis of Bemisia tabaci (Hemiptera: Sternorrhyncha:
Aleyrodoidea: Aleyrodidae) mitochondrial cytochrome oxidase 1 to identify
species level genetic boundaries. Ann. Entomol. Soc. Am. 103, 196–208.
doi: 10.1603/AN09061
Ebbert, M. A., and Nault, L. R. (2001). Survival in Dalbulus leafhopper vectors
improves after exposure to maize stunting pathogens. Entomol. Exp. Appl. 100,
311–324. doi: 10.1046/j.1570-7458.2001.00878.x
Eigenbrode, S. D., Ding, H., Shiel, P., and Berger, P. H. (2002). Volatiles from
potato plants infected with potato leafroll virus attract and arrest the virus
vector, Myzus persicae (Homoptera: Aphididae). Proc. R. Soc. B 269, 455–460.
doi: 10.1098/rspb.2001.1909
Gripenberg, S., Mayhew, P. J., Parnell, M., and Roslin, T. (2010). A meta-analysis
of preference-performance relationships in phytophagous insects. Ecol. Lett. 13,
383–393. doi: 10.1111/j.1461-0248.2009.01433.x
Gripenberg, S., Morrien, E., Cudmore, A., Salminen, J. P., and Roslin,
T. (2007). Resource selection by female moths in a heterogeneous
environment: what is a poor girl to do? J. Anim. Ecol. 76, 854–865.
doi: 10.1111/j.1365-2656.2007.01261.x
Handley, R., Ekbom, B., and Ågren, J. (2005). Variation in trichome
density and resistance against a specialist insect herbivore in natural
populations of Arabidopsis thaliana. Ecol. Entomol. 30, 284–292.
doi: 10.1111/j.0307-6946.2005.00699.x
Heisswolf, A., Obermaier, E., and Poethke, H. J. (2005). Selection of
large host plants for oviposition by a monophagous leaf beetle:
Frontiers in Physiology | www.frontiersin.org 8 March 2017 | Volume 8 | Article 146
Chen et al. Virus Misleads the Whitefly
nutritional quality or enemy-free space? Ecol. Entomol. 30, 299–306.
doi: 10.1111/j.0307-6946.2005.00706.x
Holm, L., Doll, J., Holm, E., Pancho, J., and Herberger, J. (1997). World Weeds:
Natural Histories and Distribution. New York, NY: Wiley.
Hurd, H. (2003). Manipulation of medically important insect vectors by
their parasites. Annu. Rev. Entomol. 48, 141–161. doi: 10.1146/annurev.
ento.48.091801.112722
Jaenike, J. (1978). On optimal oviposition behavior in phytophagous insects. Theor.
Popul. Biol. 14, 350–356. doi: 10.1016/0040-5809(78)90012-6
Jiménez-Martínez, E. S., Bosque-Pérez, N. A., Berger, P. H., and Zemetra,
R. S. (2004a). Life history of the bird cherry-oat aphid, Rhopalosipum
padi (Homoptera: Aphididae), on transgenic and untransformed wheat
challenged with Barley yellow dwarf virus. J. Econ. Entomol. 97, 203–212.
doi: 10.1093/jee/97.2.203
Jiménez-Martínez, E. S., Bosque-Pérez, N. A., Berger, P. H., Zemetra, R. S.,
Ding, H., and Eigenbrode, S. D. (2004b). Volatile cues influence the response
of Rhopalosiphum padi (Homoptera: Aphididae) to Barley yellow dwarf
virus-infected transgenic and untransformed wheat. Environ. Entomol. 33,
1207–1216. doi: 10.1603/0046-225X-33.5.1207
Lacroix, R., Mukabana, W. R., Gouagna, L. C., and Koella, J. C. (2005). Malaria
infection increases attractiveness of humans to mosquitoes. PLoS Biol. 3:e298.
doi: 10.1371/journal.pbio.0030298
Lefèvre, T., Koella, J. C., Renaud, F., Hurd, H., Biron, D. G., and Thomas, F. (2006).
New prospects for research on manipulation of insect vectors by pathogens.
PLoS Pathog. 2:e72. doi: 10.1371/journal.ppat.0020072
Lefèvre, T., Lebarbenchon, C., Gauthier-Clerc, M., Missé, D., Poulin, R., and
Thomas, F. (2009). The ecological significance of manipulative parasites.
Trends Ecol. Evol. 24, 41–48. doi: 10.1016/j.tree.2008.08.007
Maris, P. C., Joosten, N. N., Goldbach, R. W., and Peters, D. (2004). Tomato
spotted wilt virus infection improves host suitability for its vector Frankliniella
occidentalis. Phytopathology 94, 706–711. doi: 10.1094/PHYTO.2004.94.7.706
Matsuura, S., and Hoshino, S. (2009). Effect of tomato yellow leaf curl disease on
reproduction of Bemisia tabaciQ biotype (Hemiptera: Aleyrodidae) on tomato
plants. Appl. Entomol. Zool. 44, 143–148. doi: 10.1303/aez.2009.143
Mauck, K., Bosque-Pérez, N. A., Eigenbrode, S. D., Moraes, C. M., and Mescher,
M. C. (2012). Transmission mechanisms shape pathogen effects on host-
vector interactions: evidence from plant viruses. Funct. Ecol. 26, 1162–1175.
doi: 10.1111/j.1365-2435.2012.02026.x
Mauck, K. E., De Moraes, C. M., and Mescher, M. C. (2010). Deceptive chemical
signals induced by a plant virus attract insect vectors to inferior hosts. Proc.
Natl. Acad. Sci. U.S.A. 107, 3600–3605. doi: 10.1073/pnas.0907191107
Mayhew, P. J. (2001). Herbivore host choice and optimal bad motherhood. Trends
Ecol. Evol. 16, 165–167. doi: 10.1016/S0169-5347(00)02099-1
McLeod, G., Gries, R., Von Reuss, S. H., Rahe, J. E., McIntosh, R., König, W. A.,
et al. (2005). The pathogen causing Dutch elm disease makes host trees attract
insect vectors. Proc. Biol. Sci. 272, 2499–2503. doi: 10.1098/rspb.2005.3202
Montllor, C. B., and Gildow, F. E. (1986). Feeding responses of two grain aphids
to barley yellow dwarf virus-infected oats. Entomol. Exp. Appl. 42, 63–69.
doi: 10.1111/j.1570-7458.1986.tb02188.x
Moyer, J. W. (1999). “Tospoviruses (Bunyaviridae),” in Encyclopedia of Virology,
eds A. Granoff and R. G. Webster (London: Academic Press), 1803–1807.
Ngumbi, E., Eigenbrode, S. D., Bosque-Pérez, N. A., Ding, H., and Rodriguez,
A. (2007). Myzus persicae is arrested more by blends than by individual
compounds elevated in headspace of PLRV-infected potato. J. Chem. Ecol. 33,
1733–1747. doi: 10.1007/s10886-007-9340-z
O’Shea, B., Rebollar-Tellez, E., Ward, R. D., Hamilton, J. G. C., El
Naiem, D., and Polwart, A. (2002). Enhanced sandfly attraction to
Leishmania-infected hosts. Trans. R. Soc. Trop. Med. Hyg. 96, 117–118.
doi: 10.1016/S0035-9203(02)90273-7
Pan, H. P., Chen, G., Li, F., Wu, Q. J., Wang, S. L., Xie, W., et al. (2013). Tomato
spotted wilt virus infection reduces the fitness of a non-vector herbivore on
pepper. J. Econ. Entomol. 106, 924–928. doi: 10.1603/EC12365
Perring, T. M. (2001). The Bemisia tabaci species complex. Crop Prot. 20, 725–737.
doi: 10.1016/S0261-2194(01)00109-0
Rausher,M. D. (1979). Larval habitat suitability and oviposition preference in three
related butterflies. Ecology 60, 503–511. doi: 10.2307/1936070
Roy, B. A., and Raguso, R. A. (1997). Olfactory versus visual cues in a floral
mimicry system. Oecologia 109, 414–426. doi: 10.1007/s004420050101
Rubinstein, G., and Czosnek, H. (1997). Long-term association of tomato yellow
leaf curl virus with its whitefly vector Bemisia tabaci: effect on the insect
transmission capacity, longevity and fecundity. J. Gen. Virol. 78, 2683–2689.
doi: 10.1099/0022-1317-78-10-2683
Scheirs, J., De Bruyn, L., and Verhagen, R. (2000). Optimization of adult
performance determines host choice in a grass miner. Proc. Biol. Sci. 267,
2065–2069. doi: 10.1098/rspb.2000.1250
Scheirs, J., Zoebisch, T. G., Schuster, D. J., and De Bruyn, L. (2004). Optimal
foraging shapes host preference of a polyphagous leafminer. Ecol. Entomol. 29,
375–379. doi: 10.1111/j.0307-6946.2004.00600.x
Schoonhoven, L. M., Jermy, T., and van Loon, J. J. A. (1998). Insect-Plant Biology.
London: Chapman & Hall.
Schoonhoven, L. M., van Loon, J. J. A., and Dicke, M. (2005). Insect-Plant Biology.
Oxford: Oxford University Press.
Shanower, T. G., Romeis, J., and Minja, E. M. (1999). Insect pests of
pigeonpea and their management. Annu. Rev. Entomol. 44, 77–96.
doi: 10.1146/annurev.ento.44.1.77
Srinivasan, R., Alvarez, J. M., Eigenbrode, S. D., and Bosque-Pérez, N. A. (2006).
Influence of hairy nightshade Solanum sarrachoides (Sendtner) and Potato
leafroll virus (Luteoviridae: Polerovirus) on the host preference of Myzus
periscae (Sulzer) (Homoptera: Aphididae). Environ. Entomol. 35, 546–553.
doi: 10.1603/0046-225X-35.2.546
Staley, J. T., Stewart-Jones, A., Poppy, G. M., Leather, S. R., and Wright,
D. J. (2009). Fertilizer affects the behaviour and performance of
Plutella xylostella on brassicas. Agric. For. Entomol. 11, 275–282.
doi: 10.1111/j.1461-9563.2009.00432.x
Su, Q., Mescher, M. C., Wang, S. L., Chen, G., Xie, W., Wu, Q. J., et al. (2016).
Tomato yellow leaf curl virus differentially influences plant defence responses
to a vector and a non-vector herbivore. Plant Cell. Environ. 39, 597–607.
doi: 10.1111/pce.12650
Thaler, J. S., Agrawal, A. A., and Halitschke, R. (2010). Salicylate-mediated
interactions between pathogens and herbivores. Ecology 91, 1075–1082.
doi: 10.1890/08-2347.1
Tilmon, K. J. (2008). Specialization, Speciation, and Radiation. The Evolutionary
Biology of Herbivorous Insects. Berkeley, CA: University of California Press.
Ullman, D. E., Cho, J. J., Mau, R. F. L., Westcot, D. M., and Cantone, D. M. (1992).
Midgut epithelial cells act as a barrier to Tomato spotted wilt virus acquisition
by adult western flower thrips. Phytopathology 85, 456–463.
Valladares, G., and Lawton, J. H. (1991). Host-plant selection in the holly leaf-
miner: does mother know best? J. Anim. Ecol. 60, 227–240. doi: 10.2307/5456
van Molken, T., de Caluwe, H., Hordijk, C. A., Leon-Reyes, A., Snoeren, T. A.,
van Dam, N. M., et al. (2012). Virus infection decreases the attractiveness of
white clover plants for a non-vectoring herbivore. Oecologia 170, 433–444.
doi: 10.1007/s00442-012-2322-z
Wei, J. L., Wang, L. Z., Zhu, J. W., Zhang, S. F., Nandi, O. I., and Kang,
L. (2007). Plants attract parasitic wasps to defend themselves against insect
pests by releasing hexenol. PLoS ONE 9:e852. doi: 10.1371/journal.pone.00
00852
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Chen, Su, Shi, Liu, Peng, Zheng, Xie, Xu, Wang, Wu, Zhou and
Zhang. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Physiology | www.frontiersin.org 9 March 2017 | Volume 8 | Article 146
